Most proteins that reside in the periplasm or the outer membrane of Escherichia coli are transported across the inner membrane by the general secretion pathway. The components of this pathway have primarily been identified via two different genetic approaches. The first approach implicated the isolation of conditionally lethal mutations that conferred generalized secretion defects. This strategy resulted in the identification of the secA, secB, secD, secE, secF, and secY genes. An additional component of the export machinery, SecG, was identified after reconstitution of the transport process in vitro (1) . The second method involved the selection of suppressors of signal sequence mutations and yielded prl (protein localization) genes. In three cases, the identified prl genes were found to be allelic to sec genes (secA/prlD, secE/prlG, and secY/prlA) (for reviews, see refs. 2 and 3). Originally, it was believed that prl suppressor mutations function by altering or expanding the recognition of the signal sequences by the corresponding Sec protein (4) . However, this mechanism predicts allele specificity, which has not been observed for knownprlA,prlG, andprlD suppressors. In addition, such a mechanism would not explain the suppression of export defects caused by complete signal sequence deletions as has been observed in prIG and prlA suppressor strains (5, 6) . Therefore, it has been proposed that prlA andpriG suppression functions by preventing the rejection of defective precursor proteins from the export pathway (6, 7) .
The energetics of the translocation of the precursor of outer membrane protein OmpA (proOmpA) have been studied in vitro (8) . Initial stages of proOmpA translocation are driven by the binding and hydrolysis of ATP by SecA, whereas late stages of translocation can be driven by the proton-motive force
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(pmf). Energy from ATP-binding and hydrolysis is probably used to confer conformational changes in the SecA molecule, which lead to a cycle of insertion and deinsertion of SecA in the membrane and the movement of the precursor across the membrane (9) (10) (11) . The mechanism by which the pmf stimulates translocation is less clear, since the requirement for the pmf differs with the precursor protein investigated (12, 13) . Interestingly, the requirement for the pmf can be altered by single point mutations in the signal sequence (14) or by mutations just after the signal peptidase cleavage site (15, 16 (25) . Oxidation of proOmpA with potassium ferricyanide, and following translocation reactions were performed as described (26) . Buffer A, which was used in the translocation experiments using purified proteins (27) (27) with the modification that 2 mM dithiothreitol was added to the buffers and that proOmpA was purified batch-wise by using Q-Sepharose column material, instead of the MonoQ column. The protein was >95% pure as estimated from gel. SecA (9) and SecB (29) were purified as described.
Determination of Ai and ApH. The generation of Ai and ApH in IMVs of unc mutant strains was monitored by following the fluorescence quenching of oxonol V and ACMA, respectively. The reaction mixture (total volume, 1 ml) contained buffer A, IMVs (OD28o = 750 per ml), and 1 ,LM oxonol V or ACMA and was kept at 25°C. To generate a pmf, NADH (5 mM end concentration) was added to the reaction mixture.
The fluorescence emission of oxonol V was measured at 634 nm with excitation at 599 nm and that of ACMA at 500 nm with excitation at 420 nm using a Perkin-Elmer fluorimeter.
RESULTS
Effect of CCCP on Protein Translocation in Vivo. In E. coli, suppressor mutations that alleviate the translocation defects caused by signal sequence mutations have been found in three known sec genes-i.e., prlA (secY), prlD (secA), and prlG (secE). To investigate ifprl suppressors are able to relieve the pmf dependency of the translocation of a wild-type precursor in vivo, pulse-chase experiments were performed after dissipation of the pmf with 100 ,uM CCCP. Two different prIA suppressor alleles were included in these studies. In the wild-type strain, addition of CCCP resulted in the accumulation of the precursor of PhoE, followed by a slow conversion of the precursor into the mature form ( Fig. 1 A and D) . In contrast, in both prlA mutant strains, processing of PhoE was much less affected by CCCP ( Fig. 1 B and D) . Only a slight retardation in the maturation of prePhoE was observed. Processing kinetics in the prlD2 strain were similar to those in the wild-type strain, whereas theprlGl strain appeared to be even more sensitive to the addition of CCCP than the wild-type strain.
To investigate whether SecA function is still required for protein translocation in theprlA mutants, we treated these cells with 2 mM sodium azide before pulse-labeling, a treatment that inhibits the ATPase activity of SecA (30) . In both prlA mutant strains, prePhoE was found to accumulate in the presence of sodium azide (Fig. 1C) (Fig. 2A) . As reported previously (14) , the generation of a pmf resulted in a 5-to 10-fold increase in the translocation kinetics of prePhoE into wild-type vesicles (Fig. 2B) . In contrast, the translocation kinetics of prePhoE into IMVs from the prlA4 strain were not increased by the generation of a pmf. However, in the presence as well as in the absence of a pmf, the translocation kinetics into prlA4 IMVs were comparable with those into wild-type vesicles in the presence of a pmf (Fig.  2B) . Thus, like in vivo, the prlA4 suppressor mutation also relieves the pmf dependency of translocation of prePhoE in vitro.
Translocation of proOmpA into PrIA Vesicles Is Solely Dependent on the ATP Concentration. To investigate the relationship between the role of ATP, pmf, andprlA mutations in more detail, we studied the initial rate of translocation of another well-studied precursor protein, proOmpA, as a function of these parameters. In the presence of a pmf, proOmpA translocation into both wild-type andprlA4 IMVs was linear up to 10 min at the highest ATP concentration (500 ,M) tested (data not shown). Both in the presence and absence of a pmf, the initial rate of proOmpA translocation increased with the ATP -concentration for both types of vesicles (Fig. 3) . However, whereas the initial rate of translocation into wild-type vesicles was 2-to 3-fold stimulated by the pmf, the translocaProc. Natl. Acad. Sci. USA 93 (1996) Proc. Natl. Acad. Sci. USA 93 (1996) Fig. 4 ). Translocation into prlA4 IMVs, however, took place even in the absence of a pmf, although a 2-fold stimulation by the presence of a pmf was observed (Fig. 4) provide direct insight in the molecular mechanism of protein translocation, they can be explained in the following model for the initiation of the translocation process. The last few years, evidence for the concept that translocation across the inner membrane occurs through a channel involving the membrane components SecY/E/G has accumulated (32) (33) (34) . This channel should be gated, since a constantly "open" channel would be lethal. Upon interaction with the signal sequence and under influence of the pmf, the closed channel could change conformation, resulting in a "relaxed" state of the translocon.
When the translocon is in this relaxed state, SecA can open it and push the mature protein through. In this concept, we propose that theprL4 suppressor mutations in secYresult in the relaxed conformation of the translocon. An alternative interpretation of our results is that the SecA protein is more active in pr4A strains. In support of this view, the initial rates of proOmpA translocation into IMVs from the prlA4 strain were at low ATP concentrations more than 2-fold higher as compared with those into IMVs from a wild-type strain (Fig. 3) Many studies have been performed to investigate the mechanism by which the pmf stimulates translocation. Some studies suggest that the pmf stimulates translocation by electrophoresis of negatively charged residues in the precursor protein (16, 36, 37) . Other in vitro studies have shown that the pmf affects the SecA function (38) (39) (40) . On the basis of our results obtained with prIA suppressors, we propose a mechanism in which the pmf is involved in the opening of the translocon towards translocating precursor proteins and thereby indirectly affects the SecA function.
